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Abstract:

The extracellular matrix (ECM) is a major component of the tumor microenvironment that supports
cellular growth, promotes local invasion from the primary tumor, and contributes to metastatic
outgrowth in sites of colonization. Obesity is a systemic disease that causes chronic inflammation
which can lead to ECM deposition and ultimately fibrosis in adipose tissues such as the mammary
gland. Overweight breast cancer patients have increased metastasis to the lung and liver, exhibit
resistance to chemotherapy and have worse outcomes. We found that ECM isolated from the
mammary gland of both tumor-bearing and obese mice increased invasion of breast cancer cells
and set out to investigate whether obesity-driven changes in ECM could identify novel drivers of
invasion and metastasis in breast cancer. We performed proteomics of the mammary fat pads of
both lean and obese mice and identified the entire landscape of obesity-driven ECM changes. In
particular, we focused on Collagen VI, an ECM protein secreted by adipocytes in mammary
tissues. Collagen VIl is upregulated in the ECM of obese and tumor-bearing mice and is associated
with poor outcome in human breast cancer. We found that Collagen VI drives adhesion, migration
and invasion of several human breast cancer cell lines via crosstalk between the adhesion
receptor NG2 and the receptor tyrosine kinase EGFR, and activation of MAPK signaling. Overall,
these studies demonstrate that obesity can have profound effects on the ECM composition of
tissues, which in turn can promote local invasion and metastasis.
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Introduction

Obesity is a systemic disease that affects the composition and physiological properties of the
brain and peripheral tissues such as the gut, lung, liver, pancreas and adipose tissue. Obesity is
a global pandemic: according to the CDC, 70% of US adults are overweight or obese, with the
highest prevalence amongst Blacks and Hispanics'. Importantly, obesity contributes to 20% of
cancer-related deaths, with a higher incidence of breast cancer in obese individuals.
Epidemiological studies reveal that the risk of triple-negative breast cancer (TNBC) is associated
with an increase in Body Mass Index (BMI) and that a higher proportion of obese patients suffered
from TNBC?*. Furthermore, individuals with a high BMI have increased rates of metastasis and
decreased response to chemotherapy®. TNBC, which represents approximately 25% of breast
cancer cases, remains extremely hard to treat, due to its heterogeneous nature and the lack of
driver mutations which can be directly targeted®. TNBC also has a recurrence rate of over 30%,
which is highest in the first three years after diagnosis'®. Given the increasing rates of obesity and
the poor outcomes associated with TNBC, it is important to gain a detailed understanding of the
mechanisms of obesity-driven breast cancer progression.

Obesity is thought to drive cancer cell proliferation due to increased hormone, growth factor and
cytokine secretion by adipocytes and/or macrophages''. The majority of existing literature
investigates mechanisms of obesity-induced adipocyte secretion of cytokines which promote
inflammation and metabolic substrates such as fatty acids, glucose, and glycerol, which promote
tumor cell proliferation proliferation’®>. However, obesity is also associated with fibrosis, the
modification of both the amount and composition of extracellular matrix (ECM) proteins. Obesity-
associated macrophages promote myofibroblast activation, leading to ECM deposition and
ultimately fibrosis in adipose tissue'®. As a consequence of these complex physiological changes,
the local microenvironment of tumors in obese patients is drastically different than in lean patients,
suggesting that predicting and targeting cancer metastasis in obese patients requires a more in
depth understanding of the obese tumor microenvironment and how it contributes to local
invasion. A recent study explored the role of the ECM in obesity-induced breast cancer invasion™.
Adipose stromal cells isolated from mammary fat pads of obese and lean mice were plated in vitro
for 2 weeks, where they secreted their own ECM. ECM generated from cells from obese mice
showed increased abundance of fibronectin and collagen crosslinking, leading to increased breast
cancer cell invasion via mechano-signaling. These studies demonstrated for the first time that
obesity impacts the ability of stromal cells isolated from the mammary gland to secrete ECM in
vitro. However, these experiments focused on ECM generated in vitro and did not characterize
the landscape of ECM changes associated with obesity.

We and others have shown that the extracellular matrix (ECM) is a major driver of local invasion
and metastasis in breast cancer'®'®. Recent advances in the field of ECM proteomics have
increased our understanding of the complexity and heterogeneity of the breast tumor
matrisome'®"". Mayorca-Giuliani et al. describe the matrisome of breast tumor tissue generated
via syngeneic 4T1 xenografts relative to normal mammary gland'®, while Naba et al characterize
the ECM of highly vs. poorly metastatic breast tumor ECM using LM2 and MDA-MB-231 cells in
immunocompromised mice'®. While these studies revealed the presence of well-studied ECM
proteins such as Fibronectin (FN) and Collagen | and identified novel drivers of metastasis, they
also highlighted the diversity of individual cues in ECM proteins in tumors, many of which whose
function has been poorly studied until now. Here, we characterized the matrisome of the obese
mouse mammary gland and show that obese ECM promotes breast cancer cell invasion. We
identify Collagen VI, an ECM protein secreted by breast adipocytes® upregulated in tumor and
obese mammary ECM, as a novel driver of invasion and metastasis in breast cancer. Overall,
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these studies provide a novel mechanism by which obesity contributes to tumor progression and
metastasis.

Methods

Reagents, antibodies, ECM substrates, growth factors, peptides, inhibitors

Reagents were purchased from Fisher Scientific (Hampton, NH) or SIGMA (St. Louis, MO) unless
otherwise specified. Antibodies used were: anti-lgG2a isotype control (ab18414; Abcam,
Cambridge, MA), anti-Collagen VI (ab199720; Abcam, Cambridge, MA), anti-Fibronectin
(ab2413; Abcam, Cambridge, MA), anti-Integrin 1 (12594-1-AP; Proteintech, Rosemont, IL),
anti-a-Tubulin (T9026; SIGMA, St. Louis, MO), anti-Histone H3 (ab1791; Abcam, Cambridge,
MA), anti-GAPDH (14C10; Cell Signaling Technology, Danvers, MA), anti-phospho-p44/42 ERK
(Thr202/Tyr204) (4370; Cell Signaling Technology, Danvers, MA), anti-pFAK397 (3283; Cell
Signaling Technology, Danvers, MA). ECM substrates used were: Collagen VI (ab7538; Abcam,
Cambridge, MA), Collagen | (CB-40236; Fisher Scientific, Hampton, NH), Fibronectin p (F1141;
SIGMA, St. Louis, MO), Elastin (E7277; SIGMA, St. Louis, MO), Laminin (L6274; SIGMA, St.
Louis, MO). Endotrophin (ETP) peptide, a 77 amino acid length peptide with >98% purity as
determined by analytical HPLC was synthesized by Thermo Fisher Scientific (Waltham, MA).
Inhibitors used were: Anti-NG2 (NG2ab) (LS-C22113; Lifespan Biosciences, Seattle, WA), anti-
Integrin B1 (B1ab) (P4C10; MilliporeSIGMA, Burlington, MA), Lapatinib (S2111; Selleckchem,
Houston, TX), Alpelisib (HY-15244; MedChemExpress, Monmouth Junction, NJ), Defactinib (VS-
6063; Selleckchem, Houston, TX), Trametinib (S2673; Selleckchem, Houston, TX) .

Cell culture

MDA-MB-231, MDA-MB-468 and MCF-10A cells were obtained from ATCC (Manassas, VA).
MDA-MB-231 and MDA-MB-468 cells were cultured in DMEM with 10% serum and Pen-Strep
Glutamine, while MCF-10A cells were cultured as per ATCC recommendations in MEGM bullet
kit growth media (CC-3150; Lonza, Walkersville, MD) without gentamycin-amphotericin B mix but
with additional 100ng/ml cholera toxin (C8052; SIGMA, St. Louis, MO). Cells were routinely
checked for the presence of mycoplasma by a PCR based method using a Universal Mycoplasma
Detection Kit (30-1012K; ATCC, Manassas, VA). Only mycoplasma negative cells were used in
this study.

Animal experiments

We used two mouse models of metastatic breast cancer. For xenograft tumors, MDA-MB-231
cells (2 million per mouse in PBS and 20% collagen |) were injected into the fourth right mammary
fat pad of three 6-wk-old female NOD-SCID mice (Taconic, Hudson, NY). Once the tumors had
all reached 1cm diameter mice were euthanized by CO, and tumors excised. PyMT-MMTV mice
(JAX) were used for a genetic mouse model of breast cancer. Female mice were left to grow for
12 weeks until tumor burden reached 2cm®. Obese mice were generated with a diet. Female
C57BL/6 mice were fed on chow diet Teklad 2016S or high fat diet (Research diets D12492, 60%
kcal% fat) for 18 weeks where after mice were euthanized by CO, and mammary fat pads excised.

Decellularization and protein isolation

Tumors dissected from NOD-SCID mice and PyMT-MMTV mice and mammary fat pads from
C57BL/6 mice and were submerged in 0.1% SDS solution and stirred for several days, replacing
the solution twice daily. Once the tissue turned completely white (visual sign of successful
decellularization) the solution was replaced with a 0.05% Triton X-100 solution for 3 hours. The
tissues were then washed for 4 days by stirring in dH>O to remove any residual detergent.
Decellularized tissue was sectioned and H&E stained, along with Western Blot to assess
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decellularization. Decellularized ECM or intact tissues were lysed in 25mM Tris, 150mM NacCl,
10% glycerol, 1% NP 40 and 0.5M EDTA with 1x protease Mini-complete protease inhibitor
(04693124001; Roche, Indianapolis, IN) and 1x phosphatase inhibitor cocktail (4906845001;
Roche, Indianapolis, IN) at 4°C. In addition, for decellularized ECM, tissue homogenization was
performed using a BeadBug™ 3 Place Microtube Homogenizer (D1030; Benchmark Scientific,
Sayreville, NJ). Decellularized ECM or cell homogenate was then spun down at 21,000xg for
10min at 4°C and supernatant stored at -20°C until used for Western Blot, Coomassie or
proteomics analysis.

Sample preparation for mass spectrometry

Decellularized ECM homogenate (from £5mm piece of tissue) was denatured in 8M urea and
10mM dithiothreitol and incubating on a shaker at 37°C for 2 hours. The samples were then
alkylated with 25mM iodoacetamide and incubating at room temperature in the dark for 30 min.
Following dilution to 2M urea in 11mM ammonium bicarbonate pH 8.0, deglycosylation was
performed by adding 1000 units of PNGaseF (P0704S; New England Biolabs, Ipswich, MA),
where after the samples were incubated on a shaker at 37°C for 2 hours. Samples were digested
first using 1ug of endoproteinase LysC (125-05061; Wako Chemicals USA, Richmond, VA),
shaking at 37°C for 2 hours, then adding 3ug trypsin (PR-V5113; Promega, Madison, WI) and
shaking at 37°C overnight. The next day, additional 1.5ug trypsin was added to each sample and
incubated on a shaker at 37°C for a further 2 hours. Samples were acidified with 50%
trifluoroacetic acid and pH tested to <2.0 pH. Samples were centrifuged and supernatant
collected. Peptide labeling with TMT 10plex (90110; Thermo Fisher Scientific, Waltham, MA) was
performed per manufacturer’s instructions. Briefly, lyophilized samples were dissolved in ethanol
and triethylammonium bicarbonate (TEAB), pH 8.5, and mixed with the TMT reagent. The
resulting solution was vortexed and incubated at room temperature for 1 h. Samples labeled with
the ten different isotopic TMT reagents were combined and concentrated to completion in a
vacuum centrifuge. The peptides were fractioned via high-pH reverse phase HPLC. Peptides
were resuspended in 100uL buffer A (10mM TEAB, pH8) and separated on a 4.6mm x 250 mm
300Extend-C18, 5um column (Agilent, Santa Clara, CA) using a 90min gradient with buffer B
(90% acetonitrile (ACN), 10mM TEAB, pH8) at a flow rate of 1ml/min. The gradient was as
follows: 1-5% B (0-10min), 5-35% B (10-70min), 35-70% B (70-80min), 70% B (80-
90min). Fractions were collected over 75 minutes at 1min intervals from 10 min to 85 min. The
fractions were concatenated into 15 fractions non-contiguously (1+16+31+46+61,
2+17+32+47+62, etc). The fractions were concentrated in a vacuum centrifuge and then were
lyophilized. Lyophilized peptides were re-suspended in 100 uL of 0.1% formic acid and 10 uL
was injected on to the LC-MS.

LC-MS/MS analysis

Peptides were separated by reverse phase HPLC (Thermo Easy nLC1000) (Thermo Fisher
Scientific, Waltham, MA) using a precolumn (made in house, 6 cm of 10 um C18) and a self-pack
5 um tip analytical column (12 cm of 5 ym C18; New Objective, Woburn, MA) over a 140 minute
gradient before nanoelectrospray using a QExactive HF-X mass spectrometer (Thermo Fisher
Scientific, Waltham, MA). Solvent A was 0.1% formic acid and solvent B was 80% ACN/0.1%
formic acid. The gradient conditions were 2-10% B (0-3 min), 10-30% B (3-107 min), 30-40% B
(107-121 min), 40-60% B (121-126 min), 60-100% B (126-127 min), 100% B (127-137 min), 100-
0% B (137-138 min), 0% B (138-140 min), and the mass spectrometer was operated in a data-
dependent mode. The parameters for the full scan MS were: resolution of 60,000 across 350-
2000 m/z, automatic gain control 3e6, and maximum ion injection time of 50 ms. The full MS scan
was followed by MS/MS for the top 15 precursor ions in each cycle with a normalized collision
energy of 34 and dynamic exclusion of 30 s.
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Proteomics data processing and visualization

Raw mass spectral data files (.raw) were searched using Proteome Discoverer (Thermo Fisher
Scientific, Waltham, MA) and Mascot version 2.4.1 (Matrix Science, Boston, MA). Mascot search
parameters were: 10 ppm mass tolerance for precursor ions; 15 mmu for fragment ion mass
tolerance; 2 missed cleavages of trypsin; fixed modification was carbamidomethylation of cysteine
and TMT 10-plex modification of lysine and peptide N-Termini; variable modifications were
methionine , lysine and proline oxidation, asparagine and glutamine deamination, Gln>pyro-flu(N-
Term Q), carbamylation of N-terminus, tyrosine, serine and threonine phosphorylation. Only
peptides with a Mascot score greater than or equal to 25 and an isolation interference less than
or equal to 30 were included in the data analysis. Reporter ion intensities were median-centered
and log2-transformed. Data was filtered for ECM protein groups with > 1 unique peptide and the
resulting groups imported into Perseus data visualization and statistics software v1.6.1.1 (Tynova
et al, 2016). Data visualization included scatterplot generation with coefficient of determination
(R?) values to assess reproducibility between biological replicates and principal component
analysis to assess differences between groups.

Western Blot and Coomassie

Standard procedures were used for protein electrophoresis and western blotting. Protein lysates
were separated by SDS-PAGE, transferred to a nitrocellulose membrane, blocked with 5% non-
fat dry milk solution and incubated in primary antibody overnight at 4°C. Proteins were detected
using HRP-conjugated secondary antibodies. For Coomassie, following SDS-PAGE separation,
the gel was stained using Coomassie blue stain (20279; Thermo Fisher Scientific, Waltham, MA)
solution, then destained overnight and imaged. Imaging was performed using a ChemiDoc™ MP
imaging system (12003154; Bio-Rad, Hercules, CA).

Immunohistochemistry

Fixation, processing and staining of tissue sections from tumors and mammary fat pads was
carried out as previously described?’. Mammary fat pads dissected from C57BL/6 mice and
tumors dissected from NOD-SCID mice were fixed in 10% buffered formalin and embedded in
paraffin. For H&E staining: standard procedures were followed for H&E, including deparaffinizing,
hydration, staining with Hematoxylin (GHS280; SIGMA, St. Louis, MO) and counterstaining with
Eosin (HT110180; SIGMA, St. Louis, MO). For immunofluorescence: Tissue sections (10um
thick) were deparaffinized followed by antigen retrieval using Citra Plus solution (HKO057;
Biogenex, Fremont, CA). After blocking in PBS-0.5% Tween-20 and 10% serum, sections were
incubated with primary antibodies overnight at 4°C and fluorescently labeled secondary
antibodies at room temperature for 2 hours. DAPI (D1306; Thermo Fisher Scientific, Waltham,
MA) was used to stain cell nuclei, and fluorochromes on secondary antibodies included
AlexaFlour 488, AlexaFluor 534, AlexaFluor 647 (Jackson Immunoresearch, West Grove, PA).
Sections were mounted in Fluoromount mounting media (00-4958-02; Thermo Fisher Scientific,
Waltham, MA) and imaged using a Keyence BZ-X710 microscope (Keyence, EImwood park, NJ).

Adhesion assay

Depending on the experimental condition, cells were suspended in medium containing control
antibody, vehicle (DMSO), inhibitory antibody or drug and plated on glass-bottomed dishes
(MatTek, Ashland, MA) coated with 20ug/ml ECM protein and allowed to adhere for 2 hours. Cells
were then fixed for 15 min in 4% paraformaldehyde, then permeabilized with 0.2% TritonX-100,
blocked with 3% BSA and incubated with primary antibodies overnight at 4°C. Cells were DAPI
(D1306; Thermo Fisher Scientific, Waltham, MA) and Phalloidin (A12390; Thermo Fisher
Scientific, Waltham, MA) stained along with incubation with fluorescently labeled secondary
antibodies at room temperature for 2 hours. Imaging was performed using a Keyence BZ-X710
microscope (Keyence, EImwood park, NJ) and CellProfiler v3.1.8 (Carpenter et al) was used for
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imaging analysis using a custom pipeline. Image J (National Institutes of Health, Bethesda, MD)
was used for pFAK foci counting. Data are the result of 3 independent experiments with 3
technical replicates per experiment.

2D migration assay and reseeding in decellularized ECM

For 2D migration, cells were plated on glass-bottomed dishes (MatTek, Ashland, MA) coated with
20ug/ml ECM protein and allowed to adhere for 1 hour. For reseeding on decellularized ECM,
5mm diameter pieces of decellularized tissue were cut and cells seeded and allowed to adhere
for 6 hours. Depending on the experimental condition, media was then replaced with medium
containing control antibody, vehicle (DMSO), inhibitory antibody, drug, growth factor or peptide.
Cells were imaged overnight with images acquired every 10 min (for 2D migration assay) or 20
min (for reseeding in decellularized ECM) for 16 hours in an environmentally controlled chamber
within the Keyence BZ-X710 microscope (Keyence, EImwood park, NJ). Cells were then tracked
using VW-9000 Video Editing/Analysis Software (Keyence, EImwood park, NJ) and both cell
speed and distance migrated calculated using a custom MATLAB script vR2018a (MathWorks,
Natick, MA). Data are the result of 3 independent experiments with 6 fields of view per experiment
and an average of 6 cells tracked per field of view (at least 100 cells per condition).

Spheroid invasion assay

Cells were seeded in low-attachment plates in media, followed by centrifugation to form
spheroids. Spheroids were grown for 3 days after which matrix was added to each well, which
included (depending on the condition) Collagen | protein, Collagen VI protein, ETP, 10mM NaOH,
7.5% 10x DMEM and 50% 1x DMEM. The spheroids in matrix were then spun down and a further
50ul of media added to each well. Following another 4 days of growth, spheroids were imaged as
a Z-stack using a Keyence BZ-X710 microscope (Keyence, EImwood park, NJ) and Z-projection
images analyzed using a Hybrid Cell Count feature within the BZ-X Analyzer software v1.3.1.1
(Keyence, EImwood park, NJ). Data are the result of 3 independent experiments with 6 technical
replicates per experiment.

Cell viability assay

Cells were seeded in plates coated with 20ug/ml ECM protein and allowed to adhere for 6 hours.
Medium was then changed to medium containing control antibody, vehicle (DMSO), inhibitory
antibody or drug and incubated for 16 hours. PrestoBlue™ Cell Viability Reagent (A13261;
Invitrogen, Carlsbad, CA) was added to each well according to the manufacturer’s instructions
and incubated for 25 min at 37°C. Fluorescence was then read on a plate reader at 562nm.
Background was corrected to control wells containing only cell culture media (no cells). Data are
the result of 3 independent experiments with 3 technical replicates per experiment.

Statistical analysis

GraphPad Prism v7.04 was used for generation of graphs and statistical analysis. For data with
normal distribution: for comparison between two groups, an unpaired two-tailed Student’s t-test
was used and a p-value of < 0.05 considered significant, and for comparison between multiple
groups a one-way ANOVA with Bonferroni multiple testing correction was used with a corrected
p-value of < 0.0322 considered significant. For data with non-normal distribution: for comparison
between two groups, an unpaired two-tailed Mann-Whitney test was used and a p-value of < 0.05
considered significant, and for comparison between multiple groups a Kruskal-Wallis test with
Dunn’s multiple testing correction was used with a corrected p-value of < 0.0322 considered
significant. Data represent mean + SEM.
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Results:
ECM isolated from an obese mammary gland drives tumor cell invasion

We set out to understand whether obesity-driven changes in ECM could contribute to breast
cancer invasion and how these effects compared to tumor ECM. We used a diet-induced model
of obesity and two breast cancer models, xenografts generated with human triple-negative breast
cancer (TNBC) cells in immunocompromised mice and the metastatic PyMT-MMTV genetic
mouse model (Fig 1A). We isolated the mammary tissues of female C57BI/6 mice fed on chow or
60%kcal high fat diet (HFD) for 16 weeks. Mice fed a HFD diet weighed twice as much as those
fed with a chow diet and had 2-5g of subcutaneous fat (Fig S1A,B). H&E staining of mammary
gland tissue sections confirm adipocyte hypertrophy in the tissue obtained from obese mice (Fig
S1C). To investigate ECM-specific effects on tumor cell migration, we used previously established
tissue decellularization methods to remove all cells within a tissue, while maintaining an intact
ECM. Decellularization with low dose SDS removed all the nuclei, as verified by H&E staining (Fig
1B) and removed soluble intracellular proteins and enriched for ECM proteins (Fig S1D).

We seeded a GFP-labelled human TNBC cell line MDA-MB-231 on the ECM scaffolds from lean,
obese and xenograft tumors, imaged them overnight and analyzed cell movement (Fig 1C).
Decellularized ECM isolated from obese mammary glands significantly increased cell invasion
speed relative to ECM from lean mammary glands (Fig 1D). As expected, tumor ECM also drives
significant MDA-MB-231 cell invasion. Tumor ECM, obtained by the same decellularization
method, also had a significant effect on cell speed relative to obese ECM (Fig 1C,D). We seeded
GFP-labelled PyMT tumor-derived cells in the ECM isolated from primary MMTV-PyMT tumors,
which also increased tumor cell invasion (Fig 1D). These data demonstrate that obese ECM
drives tumor cell invasion and that there may be ECM proteins commonly upregulated in both
tumor and obese ECM that may drive similar effects on tumor cell migration.
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16hrs. Data show mean + SEM. A nonparametric Kruskal-Wallis test with Dunn’s multiple testing correction
was performed, with *** p < 0.005. Data obtained from at least 3 different ECM scaffolds from 3 different
mice, with an average of 108 total cells per condition.

Obesity is associated with changes in ECM composition of mammary gland tissue

To comprehensively characterize the changes in ECM associated with obesity, we performed
proteomics analysis. To directly compare the abundance of each peptide within the different
samples, we used label-based quantification with unique isobaric tandem mass tags (TMT) to
label 3 samples per group. We used the existing in silico murine matrisome data to annotate the
data and identify proteins with differential abundance in obese vs. lean mammary tissues. We first
assessed reproducibility between biological replicates by plotting median-centered reporter ion
intensities and found significant correlation between all combinations of individual samples within
each group (Fig S2). In the matrisome of the obese mammary gland, we identified 53 core
matrisome proteins (27 glycoproteins, 18 collagens and 8 proteoglycans) and 15 ECM-associated
proteins (10 ECM-affiliated proteins, 3 ECM regulators and 2 secreted factors) (Fig S3). These
studies provide the first characterization of the matrisome of obese mammary tissues. They
demonstrate that the ECM composition of lean and obese mammary tissues is distinct (Fig 2A,B).
We then compared the obese matrisome to two previously published mammary gland tumor
proteomics'®"® (Fig 2C). We identify a common signature of 9 matrisome proteins, which are
upregulated in both tumor and obese ECM, which includes Collagen VI and XXIl and FN, LAMAS5,
VTN, ELN, VWA1, LGALS1 and ANXAS (Fig 2D).

Figure 2: Proteomics analysis of
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Collagen VI, which is upregulated in obese and tumor ECM, drives migration of TNBC
cancer cells

Our next goal was to identify which of the ECM proteins upregulated both in tumor and obese
ECM contributes to tumor cell invasion. From the 9 ECM proteins identified above, we chose to
focus on 4: Fibronectin, Collagen VI, Elastin and Laminin, each of these proteins is commercially
available and has published antibodies for staining. We used 3 main assays commonly used to
study cell-ECM interactions: an adhesion assay, 2D cell migration and 3D invasion. For adhesion
assays, MDA-MB-231 cells were seeded on the 4 ECM proteins and left to adhere for 2hrs (Fig
3A). Collagen VI increased both cell area and cell eccentricity (Fig S4A,B). FN increased cell
area, but did not alter cell shape. Neither Laminin nor Elastin had any significant effect on cell
shape. Similar results were obtained with another TNBC cell line MDA-MB-468 (Fig S4C-E). We
then plated the cells overnight on the 4 ECM proteins to evaluate their effects on cell migration
speed. Here, we find that Collagen VI significantly increases cell migration of both MDA-MB-231
and MDA-MB-468 cells (Fig 3C,D). To investigate whether these effects on 2D cell migration are
tumor cells specific, we also performed the same assay on the epithelial breast cancer cell line
MCF10A. We find that Collagen VI also increases cell migration of MCF10A cells (Fig S4F). We
confirmed that Collagen VI could induce cell migration of breast cancer cells at a range of
concentrations (Fig S4G). We then investigated whether Collagen VI could also drive 3D invasion
of breast cancer cells. We generated spheroids embedded in Collagen |, the most abundant ECM
protein present in normal breast and breast tumor tissue. We find that Collagen VI significantly
increases MDA-MB-231 invasion in a 3D spheroid model (Fig 3E,F). Overall, these data identify
Collagen VI, an ECM protein upregulated in tumor and obese ECM, as a major driver of breast
cancer cell migration.

Figure 3: Collagen VI, ECM protein
upregulated in obese and tumor ECM,
drives breast cancer cell adhesion,
migration and invasion
A) Representative images from an
adhesion assay of MDA-MB-231 cells on
, 20pg/ml Fibronectin, Collagen VI, Laminin
- 4 Ny o B R or Elastin (Scale bar = 50um). B)
Representative rose plots of cell migration
tracks of MDA-MB-231 cells on ECM
C WmDA-MB-231 D mpA-MB-468 substrates, with each colored line
1.5 *xK 1.07 Kk representing a single cell track over 16h
° time course. Speed of MDA-MB-231 (C)
and MDA-MB-468 (D) cells seeded on
0 20pg/ml Fibronectin, Collagen VI, Laminin
or Elastin. Each point represents the
e ] average speed of a cell over 16hrs. E)
Y e N e Representative images of spheroid 231-
& Q@o"‘ & & & GFP (MDA-MB-231 GFP-labelled cells)
cells after 5 days within media without ECM
ko and in a Collagen | + Collagen VI
© oo (100ug/ml) matrix. (Scale bar = 300um). F)
gg X Quantification of fold change in 231-GFP
g2 4 spheroid area after 5 days. Data show
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Collagen Vl is upregulated in obese and tumor ECM

Collagen VI? is secreted by stromal adipocytes in breast tissue®?. We performed immunostaining
for Collagen VI in the lean and obese mammary glands obtained from mice descried in Figure 1.
We found increased accumulation of Collagen VI in obese mammary gland relative to lean (Fig
4A,B). Collagen VI is encoded by six different genes (COL6A1 to A6) that each code for a chain.
Collagen VI assembles into a triple-helix monomer composed of a1—-a2—aX chains, where aX is
either a3,4,5 or 62>%*, We mined the TCGA dataset®® and found that patients with high levels of
a1-a2—a3 chains have worse outcomes than those with low levels (Fig 4C). Finally, we confirmed
expression of Collagen VI in human triple-negative breast cancer, with high levels of Collagen VI
in the stroma of human tumors (Fig 4D). These experiments confirm that Collagen VI in obese
ECM and is associated with poor patient outcomes.

>

Figure 4: Collagen Vl is enriched in obese mammary
gland ECM and patients with high tumor Collagen VI
have lower overall survival.

A) Immunostaining of mammary gland sections from
lean and obese C57BL/6 mice stained for Collagen VI
(green) and nuclei (blue) (Scale bar = 100um). B)
Collagen VI intensity relative to DAPI signal shows
—High COL6 Human TNBC increased abundance in obese ECM. Unpaired two-

— Low COL6 P R tailed Mann-Whitney test performed. Data represent

vy]
*
*
*

-
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-
o
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o

Collagen VI intensity
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Cc .

w)

N S el mean * SEM. *** p < 0.005. C) Kaplan-Meier curve of
3 o g . . .
2 = human breast cancer patients with low vs high Collagen
3 - - e T S 8 VI (COL6), data from TCGA. D) Collagen VI (green) and
& = pvalue =0.0271 g DAPI (Blue) staining of a human TNBC tissue array

S| indicates the presence of Collagen VI in stroma of

Months survival human tumors (Scale bar = 75um).

Collagen VI drives migration of TNBC cancer cells via NG2 and EGFR crosstalk and
MAPK signaling

In breast cancer, Collagen VI has been suggested to drive breast cancer cell migration via its C-
terminal fragment, endotrophin (ETP). Endotrophin (ETP) is a cleavage product of the COL6a3
chain®* (Fig 5A). Previous studies have found that ETP is abundant in tumor tissues in PyMT
mice, and that ETP enhances fibrosis, angiogenesis, inflammation, and the epithelial to
mesenchymal transition (EMT), thereby promoting primary tumor growth and metastasis. ETP is
thought to serve as the major mediator of the Collagen VI-mediated tumor effects in breast
cancer®?. We compared effects of Collagen VI and ETP in our assays, both by embedding ETP
in the matrix and including it as a soluble factor in the solution, alone or in combination with the
Collagen I. ETP did not have an effect on the cell migration of MDA-MB-231 cells (Fig 5B,C).
Furthermore, we find that the ETP fragment did not induce MDA-MB-231 cell migration, either
attached, bound to Collagen |, or soluble (Fig 5C). In other contexts, Collagen VI can signal
through the proteoglycan NG2, B-1 integrins as well as via crosstalk with RTKs (Fig 5A)**. We
find that Collagen VI-driven MDA-MB-231 breast cancer cell migration is partially inhibited by an
NG2 specific antibody (NG2ab), but not by 1 inhibitory antibody (81ab) (Fig 5D). Neither antibody
affected proliferation at the doses used (Fig S5A). We confirmed these findings in MDA-MB-468
cells (Fig S5B). Because NG2 binds to the central portion of Collagen VI and not the c-terminal
ETP fragment, these data demonstrate for the first time that Collagen VI drives breast cancer
invasion through an ETP-independent mechanism. NG2 has been shown to crosstalk with RTKs
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such as EGFR? to drive intracellular signaling. Treatment with NG2ab and the EGFR inhibitor
Lapatinib, individually or in combination, reduced cell adhesion to Collagen VI relative to their own
vehicle controls (Fig 5E), at a dose that did not affect cell viability (Fig S5C). Treatment with
Lapatinib also inhibited Collagen VI-driven migration, alone and in combination with NG2ab (Fig
5F). Together, these studies suggest that NG2 and EGFR synergize to mediate Collagen VI-
driven breast cancer cell adhesion and migration.

Figure 5: Collagen VI-

driven breast cancer
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G w g€ é & é o * A) Schematic of
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strand) C) Cell migration
speed of MDA-MB-231 cells seeded on Collagen | in combination with ETP or with ETP in the media. D) Cell migration
speed of MDA-MB-231 cells seeded on 20ug/ml Collagen VI and treated with IgG2a, NG2 targeting antibody (NG2ab)
or B1 integrin inhibitory antibody (B1ab) E) MDA-MB-231 cell adhesion in the presence of NG2ab, EGFR inhibitor
Lapatinib (10uM) or a combination of both. Data show cell adhesion relative to respective vehicle conditions: 1gG2a,
DMSO or the combination. F) Cell migration speed of MDA-MB-231 cells seeded on 20ug/ml Collagen VI and treated
with DMSO, Lapatinib (10pM) and combination of both. Graphs in B-D and F show individual cell data and mean +
SEM. Significance was determined by a nonparametric Kruskal-Wallis test with Dunn’s multiple testing correction, with
*p<0.05, **p<0.01 and ***p<0.005. For each experiment, data pooled from at least 3 independent experiments.

Next, we investigated the downstream signaling pathways which drive Collagen VI-mediated
responses. In neuronal tissues, Collagen VI acts via Akt, JNK, ERK and p38 MAPKs? 8, In
sarcoma, Collagen VI activates PI3K signaling to drive cell migration?®, whereas in breast cancer
Collagen VI activates Akt and B-catenin to drive cell proliferation®®. We investigated the effects of
Alpelisib, a PI3K inhibitor, Defactinib, a FAK inhibitor and Trametinib, an MEK inhibitor, on cell
migration at concentrations of 10 uM, 0.1 uM and 0.1 uM respectively. Cell viability assays were
used to determine the appropriate dosage of the drugs investigated (Fig S5 D-F). Trametinib but,
not Apelisib or Defactinib resulted in a significant decrease in Collagen VI-driven cell migration
(Fig 6B), indicating that MAPK signaling downstream of EGFR and NG2 mediates Collagen VI-
driven cell migration. Further, inhibition of EGFR and NG2 decreased phospho-p44/42 ERK signal
in MDA-MB-231 cells seeded on Collagen VI (Fig 6C), without affecting pFAK397 (Fig S5G).
These data demonstrate that Collagen VI drives migration in breast cancer cells via NG2/EGFR
crosstalk and MAPK signaling.
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A collagen Vi B C Figure 6: Collagen VI-
@ 20 . 20 driven migration is
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§E 15 ns ns TE15] . signaling in breast
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ez 'O x5 - + A)  Schematic  of
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e known to be activated
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. TP <@ v N migration speed of MDA-

MB-231 cells plated on
Collagen VI and treated with Alpesilib (PI3K inhibitor, 10uM), Defactinib (FAK inhibitor, 0.1uM) and Trametinib
(MEK inhibitor, 0.1uM). Graph shows individual cell data and mean + SEM. Significance was determined by
a nonparametric Kruskal-Wallis test with Dunn’s multiple testing correction, with *p<0.05. For each experiment,
data pooled from at least 3 independent experiments. C) Immunostaining of phospho-p44/42 ERK
(Thr202/Tyr204) in MDA-MB-231 cells seeded on Collagen VI (20ug/ml) and treated with NG2ab, Lapatinib
and combination NG2ab and Lapatinib. Data represent mean + SEM, statistics by one-way ANOVA *p<0.05,
*p<0.01.

Blocking Collagen VI signaling reduces obese and tumor ECM driven invasion

Finally, we investigated whether Collagen VI-driven signaling was responsible for the increase in
breast cancer cell invasion seen in decellularized ECM from tumor-bearing and obese mice (Fig
1). We seeded MDA-MB-231 cells treated with NG2ab in decellularized ECM from lean, obese
and tumor-bearing mice. We found that inhibition of NG2 decreased migration in decellularized
ECM obtained from both obese and tumor-bearing mice (Fig 7A,B). These studies demonstrate
that Collagen VI-driven signaling contributes to ECM-mediated breast cancer cell invasion in the
context of obesity and tumor progression.

A

19G2a NG2ab Figure 7: Inhibition of Collagen VI receptor NG2 reduces
breast cancer cell migration on mammary gland ECM

derived from obese mice and tumor ECM.
Ny " A) Representative rose plots of 231-GFP cell migration seeded
e = X e S on decellularized ECM from obese mammary gland and treated
» ‘ with IgG2a or NG2ab, where each colored line represents the
tracked movement of a cell over the time course (16hrs) B) Cell
migration speed of 231-GFP cells seeded on mammary gland
ECM derived from lean mice, obese mice and tumor-bearing
mice treated with IgG2a or NG2ab. Graphs show mean + SEM,
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Discussion

It is well established that obesity is associated with increased breast cancer incidence, metastasis
and chemoresistance. Obesity is also known to be associated with fibrosis; how these changes
in ECM properties impacts breast tumor progression remains poorly understood. Here, we
characterize the ECM of the obese mouse mammary gland and find significant overlap with
published mammary tumor ECM datasets. We identify Collagen VI as upregulated in both tumor
and obese ECM and show that Collagen VI promotes breast cancer cell adhesion, 2D migration
and 3D invasion via ECM and growth factor crosstalk and MAPK signaling. Overall, these studies
define a novel mechanism by which obesity may contribute to breast cancer progression and
identify Collagen VI as novel driver of breast cancer cell invasion.

Collagen VI is expressed in a range of tissues and has been shown to be involved in cartilage,
bone and skeletal muscle function, in nervous system regeneration and myelination, and immune
cell recruitment and polarization®*. Previous studies have found that Collagen VI plays an
important role in stimulating mammary tumor growth and breast cancer progression®. In MMTV-
PyMT Collagen VI -/- mice, the lack of Collagen VI reduced hyperplasia and primary tumor growth.
In this study, the authors state that Collagen VI has no effect on metastasis. However, the only
method used to assess metastasis in this study was by injecting Met1 cells into the tail vein of
wild-type or Collagen VI -/- mice and quantifying homing to the lungs. This assay evaluates
whether Collagen VI is important for extravasation and metastatic outgrowth, but does not
address the role of Collagen VI in driving local invasion in the primary tumor. Here, we
demonstrate for the first time that Collagen VI directly drives cell migration of breast cancer cells.
A subsequent study demonstrated that ETP, a cleavage product of the COL6a3 chain, serves as
the major mediator of the Collagen VI-driven effects on cell migration and metastasis®?, by
enhancing TGFf signaling to promote epithelial-mesenchymal transition (EMT), although the cell
surface receptors and signaling pathways activated downstream of ETP are not known. Here, we
do not see an effect of ETP on breast cancer cell migration, although this may be because MDA-
MB-231 cells are mesenchymal. We find that Collagen VI-driven cell migration is partially inhibited
by an NG2-specific antibody. Because NG2 binds to the central portion of Collagen VI and not
the C-terminal ETP fragment, these data demonstrate for the first time that Collagen VI drives
breast cancer invasion via NG2, and crosstalk with a receptor tyrosine kinase EGFR. Several
ECM proteins are known to signal via adhesion receptor/RTK crosstalk, and it will be interesting
to further dissect the mechanisms that mediate this and whether Collagen VI synergizes with
growth factors to promote invasion in breast cancer.

While our results demonstrate how obesity-induced changes in ECM can contribute to tumor
progression, we still do not know what cells secrete ECM in the adipose mammary gland. They
also provide an experimental framework to study ECM-driven effects on tumor cells, in an
unbiased manner, irrespective of the cell type which secreted it. Both the tumor and stroma
compartment are known to contribute to ECM in mouse models of metastasis, via species-specific
peptide identification'. Collagen VI is known to be secreted by adipocytes, and Collagen VI
secretion increases during adipose differentiation®. However, adipocytes can secrete ECM
proteins directly as well as can factors such as TGFB which activates other cells such as
myofibroblasts or macrophages to synthesize ECM proteins®'. In the Seo et al., study, adipose
stromal cells were isolated and found to have myofibroblast-like characteristics, as indicated by
alpha-SMA staining™. It will be important to dissect which cell types are contributing to the
changes in ECM associated with obesity in the mammary gland, which may reveal novel
therapeutic strategies for targeting ECM-driven signaling that promotes tumor progression and
metastasis. Finally, obese breast cancer patients have been shown to be more resistant to
chemotherapy, the main standard of care of metastatic breast cancer. Obesity has been shown
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to contribute to chemoresistance by altering drug pharmacokinetics, inducing chronic
inflammation, as well as altering tumor-associated adipocyte adipokine secretion *2. The role of
obesity-driven ECM production in chemoresistance remains unknown. Interestingly, Collagen VI
has been shown to drive resistance to chemotherapeutic drug cisplatin in ovarian cancer®. Future
studies investigating the role of obesity-induced changes in ECM in drug resistance may also
shed light on novel strategies to treat this growing population of breast cancer patients.
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Figure S1: Assessment of diet-induced obesity and decellularization methods. C57BL/6
mice were fed on chow or high fat diet for 16 weeks after which both total body weight (A) and
subcutaneous fat weight (B) were measured. C) H&E staining sections of mammary gland from
chow and high fat diet fed mice were H&E processed, revealing significant hypertrophy of
adipocytes (typical of fatty tissue) in the glands of mice fed with high fat diet (Scale bar, 200um).
D) Representative Western Blot of mammary gland tissue before and after the decellularization
procedure. Enrichment in FN (representing ECM) and depletion of Integrin 1 (membrane),
tubulin  (cytoskeleton), GAPDH (cytosol) and histones (nucleus) reflects successful
decellularization.
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Figure S2: ECM proteomics data normalization and biological group correlations.

A) ECM reporter ion intensities were median-centered and log2-transformed, the bars represent
median with interquartile range. This normalizes the data, correcting for any potential inter-sample
protein loading variances on the mass spectrometer, to enable accurate comparisons between
abundance of ECM proteins. B) Scatterplots with r* correlation values between biological
replicates reveal a strong correlation between ECM proteins within the chow diet fed mice group
and also between ECM proteins within the high fat diet fed mice group (values on x and y axes
are log2 of reporter ion intensity).
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A B

Core Matrisome Matrisome-associated
ECM Glycoproteins | Collagens ECM-affiliated Proteins Secreted factors
Entrez Gene Symbol Obese Entrez Gene Symbol Obese Entrez Gene Symbol Obese Entrez Gene Symbol Obese
TGFBI COL1A1 ANXA2 23.38 S100A11 20.51
LAMC1 COL3A1 21.99 LGALS1 23.30 POSTN 19.53
DPT 23.31 COL7A1 21.89 ANXAL 22.60
LAMA2 23.18 COL6A6 22.10 ANXAS 21.73 ECM regulators
NID1 23.14 COL6AS 2213 LMAN1 22.54 Entrez Gene Symbol Obese
FBN1 22,67 COL5A2 21.79 ANXA4 20.89 ITIH5 21.89
FN1 2245 COL2A1 21.74 ANXA7 20.51 TGM2 21.46
EMILIN2 22.15 COL11A1 21.71 ANXAG6 20.57 SERPINH1 19.80
LAMB3 21.76 COL15A1 21.57 ANXA11l 19.86
FGG 22.11 COL6A1 21.07 ANXA3 19.90
MFGE8 21.38 COL12A1 21.43
LAMA3 21.04 COL6A2 21.02 Log2 average reporter ion intensity: Low to High
PAPLN 21.25 COL5A1 20.27
MFAP4 21.09 COLAA1 20.29 B |
NID2 21.30 COL4A2 19.86
EMILIN1 20.83 COL14A1 20.03
FGA 21.23 COL16A1 19.17
VTN 20.88 COL1A2
LAMB1 20.72
LAMA4 20.78 Proteoglycans
FGB 20.57 Entrez Gene Symbol Obese
ELN 20.09 BGN 2417
VWAL 19.98 PRG2 2247
LAMB2 19.84 PRELP 21.83
TINAGL1 19.55 OGN 21.86
FBLNS 19.51 ASPN 21.51
LAMAS 19.53 LUM 21.37
DCN 18.53
HSPG2 17.16

Figure S3: Matrisome profile of obese mammary fat pad.

A) Core matrisome list, including ECM glycoproteins, collagens and proteoglycans. B) Matrisome-
associated list including ECM-affiliated proteins, secreted factors and ECM regulators. Proteins
were annotated according to the Matrisome Project. Data are the result of 3 biological replicates
with the average log2 reporter ion intensity reported.
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Figure S4: Collagen VI drives adhesion and migration of several breast cancer cell lines
Quantification of cell area (A) and cell eccentricity (B) for MDA-MB-231 cells on 20ug/ml
Fibronectin, Collagen VI, Laminin or Elastin and allowed to adhere for 2hrs. C) Representative
images of MDA-MB-468 breast cancer cells seeded on the different substrates (Scale bar =
50um). Quantification of cell area (D) and cell eccentricity (E) for MDA-MB-468 cells on 20ug/ml
Fibronectin, Collagen VI, Laminin or Elastin and allowed to adhere for 2hrs. Graphs show data
from 3 independent experiments and average from 3 different fields of view per experiment.
Significance was determined by a nonparametric Kruskal-Wallis test with Dunn’s multiple testing
correction, with *p<0.05, ***p<0.005. F) Cell migration speed of pre-neoplastic mammary
epithelial cell line MCF10A cells on 20ug/ml Fibronectin, Collagen VI, Laminin or Elastin and
allowed to adhere for 2hrs. Each point represents the average speed of a cell over the time course
(16hrs). G) Cell migration speed of MDA-MB-231 cells on different concentrations of Collagen
VI. Graphs show individual cell data and mean + SEM. Significance was determined by a
nonparametric Kruskal-Wallis test with Dunn’s multiple testing correction, with *p<0.05 and
***n<0.005. For each experiment, data pooled from at least 3 independent experiments.
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Figure S5: Investigation into receptors and signaling pathways mediating Collagen VI-
driven cancer cell migration

A) Cell migration speed of MDA-MB-468 cells seeded on 20ug/ml Collagen VI and treated with
IgG2a, NG2 targeting antibody (NG2ab) or B1 integrin inhibitory antibody (81ab). Graph shows
individual cell data and mean + SEM. Significance was determined by a nonparametric Kruskal-
Wallis test with Dunn’s multiple testing correction, with **p<0.01. For each experiment, data
pooled from at least 3 independent experiments. B) Cell survival of MDA-MB-231 cells treated
with 1gG2a, NG2 targeting antibody (NG2ab) or 1 integrin inhibitory antibody (81ab) for 16hrs.
Dose response curves plotting the effect of C) Lapatinib D) Trametinib E) Defactinib and F)
Apelisib on MDA-MB-231 cell survival after 16hrs. G) Number pFAK397 in breast cancer cells
plated on Collagen VI for 2hrs and treated with NG2ab, EGFR inhibitor Lapatinib (10uM) or a
combination of both. Data pooled for 3 experiments.
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